commonly known as the SWI/SNF complex, from yeast and mammalian cells (note that many of the yeast and Department of Biology mammalian components of the complex appear to be and Center for Molecular Genetics homologous; Wang et al., 1996). As predicted from the University of California, San Diego genetic data, the SWI/SNF complex contains SWI1, La Jolla, California 92093-0347 SWI2/SNF2, SWI3, SNF5, and SNF6 proteins in addition to several other polypeptides. The ability of the SWI/ A central question in the analysis of transcription factors SNF complex to affect chromatin structure was then in eukaryotes is how these DNA-binding proteins functested. These experiments revealed that the SWI/SNF tion with a chromatin template. The binding of factors complex possesses a DNA-stimulated ATPase activity to chromatin templates occurs readily in vivo as well as and can destabilize histone-DNA interactions in reconin vitro in the presence of factors in crude chromatin stituted nucleosomes in an ATP-dependent manner, assembly extracts. Yet, on the other hand, biochemical though the exact nature of this structural change is not experiments with purified or partially purified nucleosoknown. In addition, this SWI2/SNF2-mediated destabilimal templates indicate that the packaging of DNA into zation of nucleosomes was found to increase the binding of transcription factors, such as GAL4 derivatives chromatin is often, but not always, an impediment to or the TATA box-binding protein (TBP), to the histonethe binding of proteins to DNA. It is therefore reasonable associated DNA. These results, combined with the geto consider that there may be specialized factors that netic data, led to the hypothesis that the SWI/SNF comcan act to facilitate the function of DNA-binding proteins plex facilitates the binding of transcription factors to with chromatin. In this regard, recent work from a num-
This diagram is adapted from the analysis and nomenclature of Gorbalenya and Koonin (1993) and Eisen et al. (1995) . Selected examples of families and proteins are shown, and a more complete list is available from those references.
conserved helicase-like motif in these proteins, howThus, while it seems likely that RSC is involved in some aspect of the transcription process, it may be worthwhile ever, helicase activity has not yet been detected in any SNF2-like family member.
to consider other possible functions for this protein complex, such as DNA replication or chromosome organi-SNF2-like family members are also involved in human disease. Mutations in the human ERCC6 gene can lead zation. NURF-A Complex Containing ISWI, to Cockayne's syndrome, which is characterized by progressive neurodegeneration, dwarfism, photosensitiva Member of the SNF2L Subfamily The analysis of an ATP-dependent activity that is reity, and developmental abnormalities (Troelstra et al., 1992) . In addition, mutated forms of the human ATR-X quired to alter nucleosome structure upon binding of the GAGA transcription factor (a sequence-specific DNAgene (also known as NUCPRO; tentatively assigned to the RAD54 subfamily) cause a combined ␣-thalassemia binding factor in Drosophila) has led to the purification of a factor termed NURF (nucleosome remodeling factor) and mental retardation syndrome (Gibbons et al., 1995) .
RSC-A SWI/SNF-like Complex That Contains
from Drosophila embryos (Tsukiyama and Wu, 1995) . NURF is an ‫5.0ف‬ MDa complex that contains four poly-STH1, a Member of the SNF2 Subfamily A SWI/SNF-like complex termed RSC (remodel the peptides, one of which is the ISWI (imitation switch) protein. ISWI is a member of the SNF2L subfamily, which structure of chromatin) has been recently purified and characterized from S. cerevisiae (Cairns et al., 1996) .
is closely related to the SNF2 subfamily (Figure 1 ). At present, downstream targets of ISWI are not known. RSC is an ‫1ف‬ MDa complex that contains an estimated 15 polypeptides, at least three of which are related to
The biochemical activities of NURF are similar but not identical to those of SWI/SNF complex or of RSC. For components of the SWI/SNF complex: STH1 (related to SWI2/SNF2); RSC6 (related to SWP73); and RSC8 instance, all three complexes can stimulate the binding of transcription factors to reconstituted mononucleo-(related to SWI3). Like the SWI/SNF complex, RSC has a DNA-stimulated ATPase activity and is able to alter somes in an ATP-dependent manner. On the other hand, the ATPase activity of RSC or SWI/SNF complex is stimhistone-DNA interactions in reconstituted mononucleosomes in an ATP-dependent manner, but the nature of ulated by free DNA or by nucleosomes, while the ATPase activity of NURF is stimulated by nucleosomes, but not this structural change is not known. The STH1 (SNF two homolog) subunit of RSC has been categorized as a by free DNA. It seems likely, given the available evidence, that ISWI will be the key ATP-utilizing component member of the SNF2 subfamily (Eisen et al., 1995 ) (see Figure 1 ), and this close similarity of STH1 to SWI2/SNF2 of NURF. MOT1, a Member of the SNF2-like Family, Can is consistent with the related biochemical activities of the SWI/SNF complex and RSC. Unlike the constituents Dissociate TATA Box-Binding Protein (TBP) from DNA by an ATP-Dependent Process of the SWI/SNF complex (which are encoded by nonessential genes), STH1, RSC6, and RSC8 are encoded by Studies of MOT1 (modifier of transcription; also known as ADI, for ATP-dependent inhibitor of TBP binding), genes that are essential for mitotic growth in S. cerevisiae (Laurent et al., 1992; Cairns et al., 1996) . Moreover, another member of the SNF2-like family of proteins (Figure 1) , may provide some insight into the function of a LexA-STH1 fusion protein does not appear to activate transcription under conditions where an analogous SWI2/SNF2, STH1, and ISWI proteins. MOT1 was identified both genetically and biochemically as a repressor LexA-SWI2/SNF2 protein functions as a transcriptional activator (Laurent et al., 1992 The available data on SWI/SNF complex (SWI2/SNF2), RSC (STH1), NURF (ISWI), and MOT1 suggest, as proposed earlier (Auble et al., 1994; Eisen et al., 1995; and others) , that these factors may function as ATP-driven motors that translocate along DNA and destabilize protein-DNA interactions. The movement of these proteins along DNA is likely to be similar to the ATP-dependent translocation of helicases along nucleic acids, given the conserved NTP-binding motif in these factors. How might such an activity be envisaged to function with nucleosomal templates? In this regard, it might be useful to consider the "spooling" mechanism that has been suggested for the procession of polymeraseswhich are also NTP-driven DNA-translocating motorsthrough nucleosomes (Kornberg and Lorch, 1995; Studitsky et al., 1995; and references therein) . In this model, a DNA-translocating protein uses the energy derived from hydrolysis of ATP to traverse a nucleosome in a wave-like manner that results in only a partial disruption of the nucleosome at any particular point (Figure tion of TBP could be mediated by an analogous DNA translocation mechanism. Thus, this ATP-driven DNA translocation mechanism seems to be consistent with genes (such as through interactions with DNA-bound the available data on the properties of the SNF2-like transcription factors [direct mechanism]), or does the family members.
SWI/SNF complex globally facilitate nucleosome mobilSome Other Questions and Issues ity in a manner that affects the transcriptional state of For further thought, we have included some additional only a subset of genes that are sensitive to such changes questions. There has been a significant body of new in chromatin structure (indirect mechanism)? data on SWI/SNF and related complexes, and there are SWI/SNF complex, RSC, and NURF appear to commany interesting and important issues that will likely be prise about 4 to 15 polypeptides. What is the function clarified in the near future.
of the polypeptides in SWI/SNF and related complexes Is the specificity in the function of the SWI/SNF complex due to targeting of the complex to the appropriate that do not possess the conserved NTP-binding motif?
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RNA polymerase II holoenzyme? There are conflicting Troelstra, C., van Gool, A., de Wit, J., Vermeulen, W., Bootsma, D., data regarding this point (Cairns et al., 1996; Wilson et and Hoeijmakers, J.H.J. (1992) . Cell 71, 939-953. al., 1996) . Tsukiyama, T., and Wu, C. (1995) . Cell 83, 1011-1020.
It has been shown that SWI/SNF complex can facili- Varga-Weisz, P.D., Blank, T.A., and Becker, P.B. (1995) . EMBO J.
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GAGA factor to DNA in a mononucleosome. In contrast,
Wilson, C.J., Chao, D.M., Imbalzano, A.N., Schnitzler, G.R., Kingston, however, the binding of GAL4 derivatives, GAGA factor, R.E., and Young, R.A. (1996) . Cell 84, 235-244.
and NF-E2 do not appear to be inhibited by packaging Winston, F., and Carlson, M. (1992) . Trends Genet. 8, 387-391.
of DNA into extended nucleosome arrays (as opposed to mononucleosomes), even in the absence of ATPdependent SWI/SNF-like activities (Pazin et al., 1994; Tsukiyama and Wu, 1995; Armstrong and Emerson, 1996) . What is the basis for this apparent difference? Are internucleosomal interactions important for the proper functioning of transcription factors? Do transcriptional activation domains participate in the SWI/SNF complex-facilitated binding of factors to chromatin? Studies from different laboratories have led to different conclusions regarding this point. It appears, however, that activation domains can increase the binding of factors to chromatin in vivo. In those instances, is the activation domain directly involved in the binding of the factor to the nucleosome (i.e., does it interact directly with the core histones and/or the DNA), or is it required for cooperative binding with another transcription factor?
Lastly, what happens to the nucleosomes upon addition of SWI/SNF complex (or RSC or NURF) and ATP? This process is often referred to as "remodeling." Is remodeling the dissociation of some or all of the core histones from DNA, is it a conformational change, or is it some other alteration/modification of the nucleosome?
